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Abstract
K∗-charmonium dissociation reactions in hadronic matter are studied in the
Born approximation, in the quark-interchange mechanism, and with a temperature-
dependent quark potential. We obtain the temperature dependence of unpolarized
cross sections for the reactions: K∗J/ψ → D¯D+s , D¯∗D+s , D¯D∗+s , and D¯∗D∗+s ;
K∗ψ′ → D¯D+s , D¯∗D+s , D¯D∗+s , and D¯∗D∗+s ; K∗χc → D¯D+s , D¯∗D+s , D¯D∗+s , and
D¯∗D∗+s . We use the cross sections for charmonium dissociation in collisions with
pion, ρ meson, kaon, vector kaon, and η meson to calculate dissociation rates of
charmonium with the five types of mesons. Because of the temperature dependence
of the meson masses, dissociation cross sections, and meson distribution functions,
the charmonium dissociation rates generally increase with the increase of tempera-
ture and decrease with the increase of charmonium momentum from 2.2 GeV/c. We
find that the first derivative of the dissociation rate with respect to the charmonium
momentum is zero when the charmonium is at rest. While the η + ψ′ and η + χc
dissociation reactions can be neglected, the J/ψ, ψ′, and χc dissociation are caused
by the collisions with pion, ρ meson, kaon, vector kaon, and η meson.
Keywords: Charmonium dissociation, Quark-interchange mechanism, Dissociation rate.
PACS: 25.75.-q; 24.85.+p; 12.38.Mh
I. INTRODUCTION
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Hadronic matter is produced in relativistic heavy ion collisions at the Relativistic
Heavy Ion Collider and at the Large Hadron Collider. Pions in hadronic matter have a
number density smaller than a quark-gluon plasma, but the meson species is not limited
to the pion and hadronic matter has a lifetime longer than the plasma. Hence, meson-
charmonium dissociation reactions may cause appreciable suppression of charmonia in
hadronic matter. In order to separate the suppression of charmonia in hadronic matter
so that the suppression due to the quark-gluon plasma is identified, we need to study the
meson-charmonium dissociation reactions.
Three approaches have been established for the study of charmonium dissociation in
collisions with hadrons. In the short-distance approach the operator product expansion
of perturbative QCD is applied to heavy quarkonia of small sizes [1, 2]. Cross sections
for nucleon-J/ψ and pion-J/ψ dissociation have been obtained in Refs. [1–3] from ex-
isting parton distribution functions [4–6]. In the quark-interchange approach the quark
interchange mechanism between the incident hadron and the charmonium breaks the char-
monium, and produces charmed mesons and/or charmed strange mesons. Charmonia in
collisions with π, ρ, K, and N have been studied in Refs. [7–10]. In the meson-exchange
approach meson exchange between the two initial mesons breaks the charmonium, and
effective Lagrangians with meson couplings are constructed to describe the motion of me-
son fields. The J/ψ dissociation in collisions with π, ρ, ω, K, K∗, η, and φ has been
considered in Refs. [11–17].
The studies in Refs. [1–3, 7–17] concentrate on charmonium dissociation in vacuum.
In hadronic matter charmonium dissociation is affected by the medium [18]. We have
obtained the energy and temperature dependence of dissociation cross sections of char-
monia in collisions with π, ρ, K, and η mesons in hadronic matter [19,20]. Charmonium
dissociation reactions may be endothermic in one temperature region and exothermic in
another. Peak cross sections of endothermic reactions change with temperature. The
η + J/ψ dissociation gives rise to J/ψ suppression comparable to the suppression caused
by the π + J/ψ dissociation [20].
The K∗+J/ψ dissociation in vacuum was considered in the meson-exchange approach
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in Ref. [13], but no cross sections were presented. The energy and temperature depen-
dence of K∗-charmonium dissociation cross sections are unknown. In hadronic matter the
quark interaction, meson masses, and mesonic quark-antiquark relative motion depend on
temperature. From vacuum to medium the K∗-charmonium dissociation reactions must
change. Therefore, in this work we calculate the dissociation cross sections of J/ψ, ψ′,
and χc in collisions with K
∗ in hadronic matter on the basis of the quark-interchange
mechanism [21], the Born approximation, and a temperature-dependent quark potential.
Furthermore, from the energy and temperature dependence of the cross sections we cal-
culate the dissociation rate of charmonium with vector kaons. Since the dissociation cross
sections of charmonia in collisions with π, ρ, K, and η mesons are provided in Refs. [19,20],
we also calculate the dissociation rates of charmonium with pion, ρ meson, kaon, and η
meson. From these dissociation rates we know different contributions to the charmonium
dissociation from different mesons in hadronic matter.
This paper is organized as follows. In Sec. II we introduce cross-section formulas, a
central spin-independent potential, and a spin-spin interaction. In Sec. III we present
numerical unpolarized cross sections for twelve K∗-charmonium dissociation reactions and
relevant discussions. In Sec. IV we define the dissociation rate of charmonium with meson
in hadronic matter, calculate the dissociation rates of charmonium with pion, ρ meson,
kaon, vector kaon, and η meson, and discuss relevant results. In Sec. V we summarize
the present work.
II. CROSS-SECTION FORMULAS
Let Ji, mi, and Pi = (Ei, ~Pi) be the angular momentum, mass, and four-momentum
of meson i (i = qq¯, cc¯, qc¯, cq¯) in the reaction qq¯ + cc¯→ qc¯+ cq¯, respectively. q stands for
the up quark, down quark or strange quark. The flavor of the quark q may be different
from the flavor of the antiquark q¯. The unpolarized cross section for qq¯ + cc¯→ qc¯+ cq¯ is
σunpol(
√
s, T ) =
(2π)4
4
√
(Pqq¯ · Pcc¯)2 −m2qq¯m2cc¯
∫
d3Pqc¯
(2π)32Eqc¯
d3Pcq¯
(2π)32Ecq¯
3
1(2Jqq¯ + 1)(2Jcc¯ + 1)
∑
Jqq¯zJcc¯zJqc¯zJcq¯z
| Mfi |2 δ(Ef −Ei)δ(~Pf − ~Pi), (1)
where s is the Mandelstam variable given by s = (Eqq¯ + Ecc¯)
2 − (~Pqq¯ + ~Pcc¯)2, T is the
temperature, Mfi is the transition amplitude, Jiz is the magnetic projection quantum
number of Ji (i = qq¯, cc¯, qc¯, cq¯), Ei = Eqq¯ + Ecc¯, Ef = Eqc¯ + Ecq¯, ~Pi = ~Pqq¯ + ~Pcc¯, and
~Pf = ~Pqc¯+ ~Pcq¯. If the orbital angular momenta of the four mesons are zero, the unpolarized
cross section is
σunpol(
√
s, T ) =
(2π)4
4
√
(Pqq¯ · Pcc¯)2 −m2qq¯m2cc¯
∫
d3Pqc¯
(2π)32Eqc¯
d3Pcq¯
(2π)32Ecq¯
1
(2Sqq¯ + 1)(2Scc¯ + 1)
∑
S
(2S + 1) | Mfi |2 δ(Ef −Ei)δ(~Pf − ~Pi), (2)
where Sqq¯ and Scc¯ are the spins of qq¯ and cc¯, respectively, and S is the total spin of the
two initial mesons. If the orbital angular momenta of qq¯, cc¯, qc¯, and cq¯ are 0, Lcc¯, 0, and
0, respectively, the unpolarized cross section is
σunpol(
√
s, T ) =
(2π)4
4
√
(Pqq¯ · Pcc¯)2 −m2qq¯m2cc¯
∫
d3Pqc¯
(2π)32Eqc¯
d3Pcq¯
(2π)32Ecq¯
∑
JSLcc¯z
(2J + 1)(2S + 1)


0 Sqq¯ Sqq¯
Lcc¯ Scc¯ Jcc¯
Lcc¯ S J


2
| Mfi |2 δ(Ef − Ei)δ(~Pf − ~Pi), (3)
where the braces give the 9j coefficient, J is the total angular momentum of the two
initial mesons, and Lcc¯z is the magnetic projection quantum number of Lcc¯. Furthermore,
if Lcc¯ = 1 and Scc¯ = 0 or 1, the unpolarized cross section is
σunpol(
√
s, T ) =
(2π)4
4
√
(Pqq¯ · Pcc¯)2 −m2qq¯m2cc¯
∫
d3Pqc¯
(2π)32Eqc¯
d3Pcq¯
(2π)32Ecq¯
1
(2Sqq¯ + 1)(2Scc¯ + 1)(2Lcc¯ + 1)∑
SLcc¯z
(2S + 1) | Mfi |2 δ(Ef − Ei)δ(~Pf − ~Pi). (4)
Define
σ(S,mS,
√
s, T ) =
(2π)4
4
√
(Pqq¯ · Pcc¯)2 −m2qq¯m2cc¯
4
∫
d3Pqc¯
(2π)32Eqc¯
d3Pcq¯
(2π)32Ecq¯
| Mfi |2 δ(Ef − Ei)δ(~Pf − ~Pi), (5)
where mS is the magnetic projection quantum number of S. Then, Eqs. (2) and (4) are
written as
σunpol(
√
s, T ) =
1
(2Sqq¯ + 1)(2Scc¯ + 1)(2Lcc¯ + 1)
∑
SLcc¯z
(2S + 1)σ(S,mS,
√
s, T ). (6)
In the center-of-mass frame of qq¯ and cc¯ [22],
σ(S,mS,
√
s, T ) =
1
32πs
|~P ′(√s)|
|~P (√s)|
∫ π
0
dθ|Mfi|2 sin θ, (7)
where ~Pqq¯ = ~P , ~Pqc¯ = ~P
′, and θ is the angle between ~P and ~P ′. Either the quark
interchange between qq¯ and cc¯ or the antiquark interchange leads to the reaction qq¯+cc¯→
qc¯+cq¯. In addition to the interchange, an interaction takes place between the quark or the
antiquark of meson qq¯ (qc¯) and the quark or the antiquark of meson cc¯ (cq¯). Diagrams for
the reaction are shown in Fig. 1 for the prior form and Fig. 2 for the post form [20]. The
scattering in the prior form means that gluon exchange occurs before quark interchange.
The corresponding transition amplitude is
Mpriorfi = 4
√
Eqq¯Ecc¯Eqc¯Ecq¯〈ψqc¯|〈ψcq¯|(Vqc¯ + Vcq¯ + Vqc + Vq¯c¯)|ψqq¯〉|ψcc¯〉, (8)
where ψqq¯ (ψcc¯, ψqc¯, ψcq¯) represents the product of color, spin, flavor, and relative-motion
wave functions of qq¯ (cc¯, qc¯, cq¯), and Vqc¯ (Vcq¯, Vqc, Vq¯c¯) is the potential of q and c¯ (c and
q¯, q and c, q¯ and c¯). From the transition amplitude in the prior form we get
σprior(S,mS,
√
s, T ) =
1
32πs
|~P ′(√s)|
|~P (√s)|
∫ π
0
dθ|Mpriorfi |2 sin θ. (9)
The scattering in the post form means that gluon exchange occurs after quark interchange.
The corresponding transition amplitude is
Mpostfi = 4
√
Eqq¯Ecc¯Eqc¯Ecq¯〈ψqc¯|〈ψcq¯|(Vqq¯ + Vcc¯ + Vqc + Vq¯c¯)|ψqq¯〉|ψcc¯〉, (10)
which gives
σpost(S,mS,
√
s, T ) =
1
32πs
|~P ′(√s)|
|~P (√s)|
∫ π
0
dθ|Mpostfi |2 sin θ. (11)
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Since σprior may differ from σpost [23–25], the unpolarized cross section is
σunpol(
√
s, T ) =
1
(2Sqq¯ + 1)(2Scc¯ + 1)(2Lcc¯ + 1)
∑
SLcc¯z
(2S + 1)
×σ
prior(S,mS,
√
s, T ) + σpost(S,mS,
√
s, T )
2
. (12)
The potential used in Eqs. (8) and (10) includes a central spin-independent potential
denoted by Vsi and a spin-spin interaction denoted by Vss:
Vab(~r) = Vsi(~r) + Vss(~r), (13)
where ab represents qc¯, cq¯, qc, q¯c¯, qq¯, or cc¯, and ~r is the relative coordinate of a and b.
The central spin-independent potential is
Vsi(~r) = −
~λa
2
·
~λb
2
3
4
D
[
1.3−
(
T
Tc
)4]
tanh(Ar) +
~λa
2
·
~λb
2
6π
25
v(λr)
r
exp(−Er), (14)
where D = 0.7 GeV, Tc = 0.175 GeV, A = 1.5[0.75 + 0.25(T/Tc)
10]6 GeV, E = 0.6 GeV,
λ =
√
25/16π2α′ with α′ = 1.04 GeV−2, and ~λa are the Gell-Mann matrices for the color
generators of constituent a. The dimensionless function v(x) [26] is
v(x) =
100
3π
∫
∞
0
dQ
Q
[
ρ( ~Q2)− K
~Q2
]
sin
(
Q
λ
x
)
, (15)
where K = 3/16π2α′ and ρ( ~Q2) is the physical running coupling constant at the gluon
momentum ~Q. At short distances the quark interaction is described by perturbative QCD
in vacuum, and the expression
~λa
2
· ~λb
2
6π
25
v(λr)
r
in the second term of Eq. (14) is given by
one-gluon exchange plus perturbative one- and two-loop corrections [26]. Lattice QCD
calculations have provided numerical quark-antiquark free energies at intermediate and
large distances [27]. The potential Vsi(~r) well fits
~λa
2
· ~λb
2
6π
25
v(λr)
r
at short distances and the
free energies at T/Tc > 0.55.
The spin-spin interaction arises from perturbative one-gluon exchange plus one- and
two-loop corrections [28], and includes relativistic effects [9, 21, 29]:
Vss(~r) = −
~λa
2
·
~λb
2
16π2
25
d3
π3/2
exp(−d2r2)~sa · ~sb
mamb
+
~λa
2
·
~λb
2
4π
25
1
r
d2v(λr)
dr2
~sa · ~sb
mamb
, (16)
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where ~sa and ma are the spin and mass of constituent a, respectively, and the quantity d
is given by
d2 = σ20
[
1
2
+
1
2
(
4mamb
(ma +mb)2
)4]
+ σ21
(
2mamb
ma +mb
)2
, (17)
where σ0 = 0.15 GeV and σ1 = 0.705.
In Eqs. (8) and (10) the colour part of the state | ψqq¯ > is the familiar colour-singlet
state,
| qq¯, colour >= 1√
3
3∑
n=1
3∑
n¯=1
δnn¯ | nn¯ >, (18)
where n and n¯ denote the quark colour and the antiquark colour, respectively. The spin
part of | ψqq¯ > is
| Sqq¯Sqq¯z >=
∑
Sqz
∑
Sq¯z
<
1
2
1
2
SqzSq¯z | Sqq¯Sqq¯z >| 1
2
Sqz >| 1
2
Sq¯z >, (19)
where Sqq¯z is the magnetic projection quantum number of Sqq¯, <
1
2
1
2
SqzSq¯z | Sqq¯Sqq¯z > are
the Clebsch-Gordan coefficients, | 1
2
Sqz > is the spin-
1
2
state with the z component Sqz, and
| 1
2
Sq¯z > is the spin-
1
2
state with the z component Sq¯z. Denote the flavour part of | ψqq¯ > by
| qq¯, flavour >, and the flavour wave functions of mesons in the ground-state pseudoscalar
nonet and the ground-state vector nonet can be found in Refs. [30, 31]. For instance,
| qq¯, flavour > is | us¯ > for K∗+, | ds¯ > for K∗0, − | sd¯ > for K¯∗0, or | su¯ > for K∗−. We
calculate the transition amplitudes,Mpriorfi andMpostfi , in momentum space, and thus need
the relative-motion wave function of qq¯ in momentum space. The relative-motion wave
function is denoted by φqq¯rel and is the product of the spherical harmonics and the Fourier
transform of the radial wave function obtained from the Schro¨dinger equation with the
potential given in Eq. (13). φqq¯rel is normalized according to
∫ d3pqq¯
(2π)3
φ∗qq¯relφqq¯rel = 1, where
~pqq¯ is the relative momentum of q and q¯. As the product of the colour, spin, flavour, and
relative-motion wave functions of qq¯, | ψqq¯ > is written as
| ψqq¯ >= φqq¯rel | qq¯, colour >| qq¯, flavour >| Sqq¯Sqq¯z > . (20)
The other wave functions (| ψcc¯ >, | ψqc¯ >, and | ψcq¯ >) used in Eqs. (8) and (10) are
written similarly as
| ψcc¯ >= φcc¯rel | cc¯, colour >| cc¯, flavour >| Scc¯Scc¯z >, (21)
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| ψqc¯ >= φqc¯rel | qc¯, colour >| qc¯, flavour >| Sqc¯Sqc¯z >, (22)
| ψcq¯ >= φcq¯rel | cq¯, colour >| cq¯, flavour >| Scq¯Scq¯z >, (23)
where φcc¯rel (φqc¯rel, φcq¯rel), | cc¯, colour > (| qc¯, colour >, | cq¯, colour >), | cc¯, flavour >
(| qc¯, flavour >, | cq¯, flavour >), and | Scc¯Scc¯z > (| Sqc¯Sqc¯z >, | Scq¯Scq¯z >) are the relative-
motion, colour, flavour, and spin parts of cc¯ (qc¯, cq¯), respectively.
In the prior form of the reaction A(qq¯) + B(cc¯) → C(qc¯) +D(cq¯) the colour interac-
tion between a constituent of meson A(qq¯) and a constituent of meson B(cc¯) turns the
colour-singlet states A and B into colour-octet states of qq¯ and cc¯, respectively. During
propagation of quarks and antiquarks quark interchange, i.e., exchange of q and c or of q¯
and c¯ causes q (c) to find c¯ (q¯) to get the colour-singlet state C (D). In the post form of
A(qq¯)+B(cc¯)→ C(qc¯)+D(cq¯) quark interchange, i.e., exchange of a constituent of meson
A and a constituent of meson B produces a colour-octet state of qc¯ and another colour-
octet state of cq¯. The colour interaction between a constituent of qc¯ and a constituent of
cq¯ makes qc¯ (cq¯) colourless so that the bound state C (D) is formed.
The first term given in Eq. (14) stands for the confining potential. In the confinement
regime the mesonic quark-antiquark relative-motion wave functions mainly determined
by the confining potential are nonperturbative. At low energies near threshold of A(qq¯)+
B(cc¯) → C(qc¯) + D(cq¯) the nonperturbative part of the qq¯ and cc¯ wave functions must
overlap during the transition from mesons A and B to the colour-octet states of qq¯ and
cc¯. Even though the distance of q and c¯ (c and q¯) is large, the nonperturbative correlation
corresponding to the nonperturbative part leads to formation of a bound state of q and c¯
(c and q¯) [7, 32] during the hadronization of q, q¯, c, and c¯ to form mesons C and D.
The Schro¨dinger equation with the potential given in Eq. (13) at T = 0 is solved
to reproduce the experimental masses of π, ρ, K, K∗, J/ψ, ψ′, χc, D, D
∗, Ds, and D
∗
s
mesons [33]. In the Schro¨dinger equation and the potential the masses of the up quark,
the down quark, the strange quark, and the charm quark are 0.32 GeV, 0.32 GeV, 0.5
GeV, and 1.51 GeV, respectively. With the pionic quark-antiquark relative-motion wave
functions obtained in solving the Schro¨dinger equation, the experimental data of S-wave
8
I = 2 elastic phase shifts for ππ scattering in vacuum for 0 <
√
s < 2.4 GeV [34–37] are
reproduced in the Born approximation and in the quark-interchange mechanism.
III. NUMERICAL CROSS SECTIONS AND DISCUSSIONS
We establish the notation K =

 K+
K0

, K¯ =

 K¯0
K−

, K∗ =

 K∗+
K∗0

, K¯∗ =

 K¯∗0
K∗−

, D =

 D+
D0

, D¯ =

 D¯0
D−

, D∗ =

 D∗+
D∗0

, and D¯∗ =

 D¯∗0
D∗−

. We
consider the following reactions:
K∗ + J/ψ → D¯ +D+s , K∗ + J/ψ → D¯∗ +D+s ,
K∗ + J/ψ → D¯ +D∗+s , K∗ + J/ψ → D¯∗ +D∗+s ;
K∗ + ψ′ → D¯ +D+s , K∗ + ψ′ → D¯∗ +D+s ,
K∗ + ψ′ → D¯ +D∗+s , K∗ + ψ′ → D¯∗ +D∗+s ;
K∗ + χc → D¯ +D+s , K∗ + χc → D¯∗ +D+s ,
K∗ + χc → D¯ +D∗+s , K∗ + χc → D¯∗ +D∗+s .
These reactions are governed by quark interchange.
The transition amplitudes given in Eqs. (8) and (10) are further written as
Mpriorfi = 4
√
Eqq¯Ecc¯Eqc¯Ecq¯ < qc¯, flavour |< cq¯, flavour | qq¯, flavour >| cc¯, flavour >
< qc¯, colour |< cq¯, colour |< Sqc¯Sqc¯z |< Scq¯Scq¯z |
∫
d3pqc¯
(2π)3
d3pcq¯
(2π)3
[φ∗qc¯rel(~pqc¯)φ
∗
cq¯rel(~pcq¯)Vqc¯φqq¯rel(~pcq¯ +
mq¯
mq +mq¯
~P +
mq¯
mc +mq¯
~P ′)
φcc¯rel(~pcq¯ +
mc
mc +mc¯
~P − mc
mc +mq¯
~P ′)
+φ∗qc¯rel(~pqc¯)φ
∗
cq¯rel(~pcq¯)Vcq¯φqq¯rel(~pqc¯ −
mq
mq +mq¯
~P +
mq
mq +mc¯
~P ′)
φcc¯rel(~pqc¯ − mc¯
mc +mc¯
~P − mc¯
mq +mc¯
~P ′)
+φ∗qc¯rel(~pqc¯)φ
∗
cq¯rel(~pcq¯)Vqcφqq¯rel(~pcq¯ +
mq¯
mq +mq¯
~P +
mq¯
mc +mq¯
~P ′)
φcc¯rel(~pqc¯ − mc¯
mc +mc¯
~P − mc¯
mq +mc¯
~P ′)
+φ∗qc¯rel(~pqc¯)φ
∗
cq¯rel(~pcq¯)Vq¯c¯φqq¯rel(~pqc¯ −
mq
mq +mq¯
~P +
mq
mq +mc¯
~P ′)
9
φcc¯rel(~pcq¯ +
mc
mc +mc¯
~P − mc
mc +mq¯
~P ′)]
| Sqq¯Sqq¯z >| Scc¯Scc¯z >| qq¯, colour >| cc¯, colour >,
(24)
Mpostfi = 4
√
Eqq¯Ecc¯Eqc¯Ecq¯ < qc¯, flavour |< cq¯, flavour | qq¯, flavour >| cc¯, flavour >
< qc¯, colour |< cq¯, colour |< Sqc¯Sqc¯z |< Scq¯Scq¯z |
∫
d3pqq¯
(2π)3
d3pcc¯
(2π)3
[φ∗qc¯rel(~pcc¯ +
mc¯
mc +mc¯
~P +
mc¯
mq +mc¯
~P ′)φ∗cq¯rel(~pcc¯ −
mc
mc +mc¯
~P +
mc
mc +mq¯
~P ′)
Vqq¯φqq¯rel(~pqq¯)φcc¯rel(~pcc¯)
+φ∗qc¯rel(~pqq¯ +
mq
mq +mq¯
~P − mq
mq +mc¯
~P ′)φ∗cq¯rel(~pqq¯ −
mq¯
mq +mq¯
~P − mq¯
mc +mq¯
~P ′)
Vcc¯φqq¯rel(~pqq¯)φcc¯rel(~pcc¯)
+φ∗qc¯rel(~pcc¯ +
mc¯
mc +mc¯
~P +
mc¯
mq +mc¯
~P ′)φ∗cq¯rel(~pqq¯ −
mq¯
mq +mq¯
~P − mq¯
mc +mq¯
~P ′)
Vqcφqq¯rel(~pqq¯)φcc¯rel(~pcc¯)
+φ∗qc¯rel(~pqq¯ +
mq
mq +mq¯
~P − mq
mq +mc¯
~P ′)φ∗cq¯rel(~pcc¯ −
mc
mc +mc¯
~P +
mc
mc +mq¯
~P ′)
Vq¯c¯φqq¯rel(~pqq¯)φcc¯rel(~pcc¯)]
| Sqq¯Sqq¯z >| Scc¯Scc¯z >| qq¯, colour >| cc¯, colour >,
(25)
where ~pcc¯ (~pqc¯, ~pcq¯) is the relative momentum of c and c¯ (q and c¯, c and q¯). Given the
wave functions in Eqs. (20)-(23), we calculate colour matrix elements, flavour matrix
elements, spin matrix elements, and spatial matrix elements. The colour matrix elements
< qc¯, colour |< cq¯, colour | ~λa
2
· ~λb
2
| qq¯, colour >| cc¯, colour > are -4/9 for Vqc¯, Vcq¯,
Vqq¯, and Vcc¯ and 4/9 for Vqc and Vq¯c¯. For antiquarks
~λa
2
(
~λb
2
) is as usual replaced by
−~λTa
2
(−~λTb
2
). For the twelve K∗-charmonium dissociation reactions the flavour matrix
elements < qc¯, flavour |< cq¯, flavour | qq¯, flavour >| cc¯, flavour > equal 1. Since the spin
operator ~sq + ~sq¯ + ~sc + ~sc¯ commutes with the potential Vab, the total spin of the two
initial mesons equals the total spin of the two final mesons. The spin matrix elements
< Sqc¯Sqc¯z |< Scq¯Scq¯z | ~sa · ~sb | Sqq¯Sqq¯z >| Scc¯Scc¯z > are independent of the magnetic
projection quantum number mS, and depend on the total spin and the spins of the four
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mesons. The values of the spin matrix elements can be found in Ref. [21].
The spatial matrix elements are expressed as the two integrals in Eqs. (24) and (25).
The two integrals involve the quark-antiquark relative-motion wave functions. Diagrams
“C1 prior” and “C2 prior” in Fig. 1 are “capture” diagrams [21] because the interacting
quark-antiquark pair scatter into the same final meson. Diagrams “C1 post” and “C2
post” in Fig. 2 are also “capture” diagrams because the interacting quark-antiquark pair
come from the same initial meson. The interacting quark-antiquark pair are in the colour-
singlet state, so are the other quark-antiquark pair. Diagrams “T1 prior”, “T2 prior”, “T1
post”, and “T2 post” are “transfer” diagrams [21] because the interacting quark-quark
or antiquark-antiquark pair scatter (transfer momentum) into different final mesons in
the prior form or come (bring momentum) from different initial mesons in the post form.
The mesonic quark-antiquark relative-motion wave functions are functions of the quark-
antiquark relative momenta. The interaction between two constituents and the quark
interchange result in that the quark-antiquark relative momenta are related between an
initial meson and a final meson through the linear combination of ~P and ~P ′. For example,
from the first term enclosed by brackets in Mpriorfi we get ~pqq¯ = ~pcq¯ + mq¯mq+mq¯ ~P +
mq¯
mc+mq¯
~P ′
and ~pcc¯ = ~pcq¯ +
mc
mc+mc¯
~P − mc
mc+mq¯
~P ′, and from the third term enclosed by brackets in
Mpostfi we get ~pqc¯ = ~pcc¯ + mc¯mc+mc¯ ~P + mc¯mq+mc¯ ~P ′ and ~pcq¯ = ~pqq¯ −
mq¯
mq+mq¯
~P − mq¯
mc+mq¯
~P ′. For
“capture” diagrams and “transfer” diagrams the relation is different. Corresponding to
the “capture” diagrams “C1 prior” and “C2 prior”, the quark-antiquark relative momenta
of the two initial mesons are only related to the quark-antiquark relative momentum of
the final meson which is not the interacting quark-antiquark pair. Corresponding to the
“capture” diagrams “C1 post” and “C2 post”, the quark-antiquark relative momenta of
the two final mesons are only related to the quark-antiquark relative momentum of the
initial meson which is not the interacting quark-antiquark pair. As to the “transfer”
diagrams the quark-antiquark relative momentum of a final meson (another final meson)
is only related to the one of an initial meson (another initial meson). In low-energy
meson-meson collisions | ~P | and | ~P ′ | are small. This allows small values for | ~pqq¯ | and
| ~pcc¯ | as seen fromMpriorfi and | ~pqc¯ | and | ~pcq¯ | as seen fromMpostfi . φqq¯rel(~pqq¯) (φcc¯rel(~pcc¯),
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φqc¯rel(~pqc¯), φcq¯rel(~pcq¯)) decreases rapidly while | ~pqq¯ | (| ~pcc¯ |, | ~pqc¯ |, | ~pcq¯ |) increases.
Then, the nonperturbative part of the mesonic quark-antiquark relative-motion wave
functions makes dominant contributions to Mpriorfi and Mpostfi . In high-energy meson-
meson collisions | ~P | and | ~P ′ | are large. The absolute values of ~pqq¯ and ~pcc¯ inMpriorfi and
of ~pqc¯ and ~pcq¯ in Mpostfi are generally large. The perturbative part of the mesonic quark-
antiquark relative-motion wave functions, which is mainly determined by the second term
in Eq. (14) and the spin-spin interaction, significantly affects Mpriorfi and Mpostfi .
According to Eq. (12) we calculate unpolarized cross sections at the six temperatures
T/Tc = 0, 0.65, 0.75, 0.85, 0.9, and 0.95. In Figs. 3-14 we plot the unpolarized cross
sections for the twelve K∗-charmonium dissociation reactions. Depending on tempera-
ture, a reaction is either endothermic or exothermic. The numerical cross sections for
endothermic reactions are parametrized as
σunpol(
√
s, T ) = a1
(√
s−√s0
b1
)c1
exp
[
c1
(
1−
√
s−√s0
b1
)]
+a2
(√
s−√s0
b2
)c2
exp
[
c2
(
1−
√
s−√s0
b2
)]
, (26)
where
√
s0 is the threshold energy, and a1, b1, c1, a2, b2, and c2 are parameters. The
numerical cross sections for exothermic reactions are parametrized as
σunpol(
√
s, T ) =
~P ′2
~P 2
{
a1
(√
s−√s0
b1
)c1
exp
[
c1
(
1−
√
s−√s0
b1
)]
+ a2
(√
s−√s0
b2
)c2
exp
[
c2
(
1−
√
s−√s0
b2
)]}
. (27)
The parameter values are listed in Tables 1-3. We follow a procedure presented in Ref. [19]
to get cross sections at any temperature between 0.65Tc and Tc. This needs the quantities
d0 and
√
sz which are also listed in Tables 1-3. d0 is the separation between the peak’s
location on the
√
s-axis and the threshold energy, and
√
sz is the square root of the
Mandelstam variable at which the cross section is 1/100 of the peak cross section.
The cross sections for the threeK∗+J/ψ reactions in Figs. 4-6 show that the peak cross
section of each reaction decreases when temperature changes from T/Tc = 0.65 to 0.85
and increases when temperature changes from T/Tc = 0.85 to 0.95. While temperature
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increases, the value of the central spin-independent potential at large distances becomes
smaller and smaller (the confinement becomes weaker and weaker), and the Schro¨dinger
equation produces increasing meson radii. Decrease in peak cross section is caused by
weakening confinement. Increase in peak cross section is caused by increasing radii of
initial mesons. When the decrease is faster than the increase, the peak cross section of
each reaction shown in Figs. 4-6 goes down as temperature changes from 0.65Tc to 0.85Tc.
When the decrease is slower than the increase, the peak cross section of each reaction goes
up as temperature changes from 0.85Tc to 0.95Tc.
As shown by Fig. 1 of Ref. [19], the ψ′ mass is very close to the χc mass for 0.6Tc ≤
T < Tc. While temperature increases, the sum of the initial-meson masses decreases more
rapidly than the sum of the final-meson masses. Any K∗ + ψ′ reaction shown in Figs.
7-10 is endothermic above a temperature and exothermic below the temperature. The
K∗ + χc reaction that has the same final states as the K
∗ + ψ′ reaction is endothermic
above or exothermic below almost the same temperature. However, since the χc and ψ
′
mesons have different quantum numbers, the cross section for the K∗+χc reaction is not
identical to the one for the K∗ + ψ′ reaction.
The K∗ meson and the K meson have the same strangeness, and the difference of
the K∗ mass (mK∗) and the K mass (mK) becomes smaller and smaller with increasing
temperature. Since the experimental mass splitting mK∗−mK = 0.3963 GeV is large, the
largest cross section of an exothermic K∗ + charmonium reaction shown by the curve at
T = 0 is larger than the one of the exothermic K + charmonium reaction with the same
final states [20]. At T → Tc the K∗ and K mesons become degenerate in mass. As shown
by the curves at T/Tc = 0.95, all the K
∗+charmonium reactions become endothermic.
The largest cross sections of the four reactions, K∗+ψ′ → D¯+D∗+s , K∗+χc → D¯∗+D+s ,
K∗ + χc → D¯ + D∗+s , and K∗ + χc → D¯∗ + D∗+s , become smaller than the ones of the
four reactions, K + ψ′ → D¯ + D∗+s , K + χc → D¯∗ + D+s , K + χc → D¯ + D∗+s , and
K + χc → D¯∗ + D∗+s , respectively. This is owed to the difference in the mesonic space
wave function, in the spin matrix element of the spin-spin interaction, and in the overlap of
the initial and final spin wave functions related to the central spin-independent potential.
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The K¯∗-charmonium dissociation includes
K¯∗ + J/ψ → D−s +D, K¯∗ + J/ψ → D∗−s +D,
K¯∗ + J/ψ → D−s +D∗, K¯∗ + J/ψ → D∗−s +D∗;
K¯∗ + ψ′ → D−s +D, K¯∗ + ψ′ → D∗−s +D,
K¯∗ + ψ′ → D−s +D∗, K¯∗ + ψ′ → D∗−s +D∗;
K¯∗ + χc → D−s +D, K¯∗ + χc → D∗−s +D,
K¯∗ + χc → D−s +D∗, K¯∗ + χc → D∗−s +D∗.
Cross sections for these reactions are obtained from the K∗-charmonium dissociation
reactions. For example, the cross section for K¯∗+J/ψ → D−s +D equals the cross section
for K∗ + J/ψ → D¯ +D+s .
With the quark potential given in Eq. (13) at T = 0 we can reproduce the ex-
perimental masses of π, ρ, K, K∗, J/ψ, ψ′, χc, D, D
∗, Ds, and D
∗
s mesons. In the
Born approximation and in the quark-interchange mechanism the experimental data of
S-wave I = 2 elastic phase shifts for ππ scattering in vacuum can be reproduced. There-
fore, we calculate K∗-charmonium dissociation cross sections with the quark potential, in
the Born approximation and in the quark-interchange mechanism. The study of meson-
charmonium dissociation reactions is itself of theoretical interest. Unfortunately, no direct
meson-charmonium collision experiments are possible. Up to now, attempts to constrain
theoretical models about πJ/ψ → πψ′ have been made in Refs. [38–40] from the exper-
imental data on the hadronic decay ψ′ → ππJ/ψ. We can not use the cross sections
obtained in Refs. [38–40] for πJ/ψ → πψ′ to constrain our charmonium dissociation cross
sections since the reaction can not be studied in the quark-interchange mechanism. How-
ever, we can use the experimental data on elastic ππ scattering for I = 2 and elastic πK
scattering for I = 3/2 to examine our cross sections for πJ/ψ, πχc, and πψ
′ dissocia-
tion. This is because the five types of reactions are governed by the quark-interchange
mechanism and have the pion as an incident hadron. The comparison of our theoretical
results with the experimental data is shown in Fig. 30. The solid, dashed, and dotted
curves indicate the cross sections obtained in Ref. [19] for πJ/ψ → D¯∗D+ D¯D∗+ D¯∗D∗,
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for πψ′ → D¯∗D + D¯D∗ + D¯∗D∗, and for πχc → D¯∗D + D¯D∗ + D¯∗D∗, respectively. The
experimental data were obtained in the region
√
s < 2.8 GeV, and the theoretical results
are given in the region
√
s ≥ 3.87583 GeV. The two regions are different. To make an
easy comparison, the three curves have been translated by -3 GeV in
√
s. Solving the
Schro¨dinger equation with the potential given in Eq. (13) at T = 0, we obtain 0.45,
0.534, 0.595, 0.672, and 0.757 fm as the radii of J/ψ, π, K, χc, and ψ
′ mesons, respec-
tively. The larger the radii of initial mesons, the larger the cross section for a reaction.
The spin-spin interaction is proportional to the inverse of the product of the masses of
two interacting constituents. From the elastic ππ scattering or the elastic πK scattering
to the π-charmonium dissociation reactions, at least one quark mass changes from the up-
quark or strange-quark mass to the charm-quark mass. Correspondingly, the contribution
of the spin-spin interaction to the cross section gets appreciably smaller. Therefore, the
peak cross section of πJ/ψ dissociation is much smaller than the experimental data on
the elastic πK scattering for I = 3/2. Even though the χc radius is by 13% larger than
the K radius, the peak cross section of the πχc dissociation is smaller than the largest
experimental datum of the elastic πK scattering. Since the ψ′ radius is largest among
the radii of J/ψ, π, K, χc, and ψ
′ mesons, the peak cross section of the πψ′ dissociation
is close to the experimental data on the elastic ππ scattering for I = 2 given in Ref. [41].
Hence, the peak cross sections of the π-charmonium dissociation have reasonable orders of
magnitude. We can thus expect that other meson-charmonium dissociation has reasonable
orders of magnitude of peak cross sections.
An indirect way to examine meson-charmonium dissociation cross sections, which has
been suggested in references, e.g. Ref. [13], is to use the cross sections to calculate nuclear
modification factor of J/ψ produced in relativistic heavy-ion collisions. The collisions may
produce charmonia and hadronic matter simultaneously, and the charmonia may break
up travelling through hadronic matter. If the cross sections are unreasonably large, the
charmonia dissociated by hadronic matter cause J/ψ suppression stronger than observed
suppression. The measured nuclear modification factor of J/ψ thus places a constraint
on the charmonium dissociation cross sections. In a future study we will calculate the
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nuclear modification factor using our charmonium dissociation cross sections.
IV. DISSOCIATION RATES AND DISCUSSIONS
In hadronic matter random motion of a kind of hadrons leads to a momentum distribu-
tion. We use the meson distribution function and the unpolarized cross section to define
the dissociation rate of charmonium in the interaction with meson. The unpolarized cross
sections obtained with the quark potential, in the quark-interchange mechanism, and in
the Born approximation are used to calculate the dissociation rates in hadronic matter.
A. Dissociation rate
Cross sections for π-charmonium dissociation reactions and ρ-charmonium dissociation
reactions were obtained in Ref. [19], and cross sections for K-charmonium dissociation
reactions, K¯-charmonium dissociation reactions, and η-charmonium dissociation reactions
were obtained in Ref. [20]. In hadronic matter the meson distribution is given by
fi(~k) =
1
e
√
~k2+m2i /T − 1
, (28)
where mi and ~k are the mass and momentum of the meson, respectively. The number
density of meson species i is
ni = gi
∫
d3k
(2π)3
fi(~k), (29)
where gi is the spin-isospin degeneracy factor, and equals 3 for π, 9 for ρ, 4 for K and K¯,
12 for K∗ and K¯∗, and 1 for η, respectively. The thermal-averaged meson-charmonium
dissociation cross section is
〈vrelσunpol(
√
s, T )〉 =
gi
∫
d3k
(2π)3
vrelσ
unpol(
√
s, T )fi(~k)
gi
∫
d3k
(2π)3
fi(~k)
, (30)
where vrel is the relative velocity of the meson and the charmonium. Since vrel relies on
the meson and charmonium masses, it depends on temperature. The dissociation rate of
charmonium in the interaction with meson species i in hadronic matter is
ni〈vrelσunpol(
√
s, T )〉 = gi
4π2
∫
∞
0
∫ π
0
d|~k|dθ sin θ~k2vrelσunpol(
√
s, T )fi(~k), (31)
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where θ is the angle between the meson momentum and the charmonium momentum and
which determines the charmonium suppression due to meson-charmonium dissociation in
hadronic matter. Since the meson distribution, the unpolarized cross section, and the
relative velocity vary with temperature, the dissociation rate depends on temperature.
The dissociation rate of J/ψ with π is obtained while σunpol is the sum of the cross sections
for π + J/ψ → D¯∗ +D, π + J/ψ → D¯ +D∗, and π + J/ψ → D¯∗ +D∗. The dissociation
rate of ψ′ with vector kaon is obtained while σunpol is the sum of the cross sections for
K∗+ψ′ → D¯+D+s , K∗+ψ′ → D¯∗+D+s , K∗+ψ′ → D¯+D∗+s , and K∗+ψ′ → D¯∗+D∗+s .
Other dissociation rates for charmonium with meson can be similarly calculated according
to Table 4.
B. Numerical results and discussions
We calculate dissociation rates of charmonium with pion, ρ meson, kaon, vector kaon,
and η meson in hadronic matter. Numerical results of the rates as functions of charmonium
momentum are plotted in Figs. 15-29. The dissociation rates of charmonium with pion,
ρ meson, kaon, vector kaon, and η meson are shown by the dashed curves, the dotted
curves, the dot-dashed curves, the dot-dash-dashed curves, and the dot-dot-dashed curves,
respectively. In Figs. 15-19 (Figs. 20-24, Figs. 25-29) every solid curve stands for the J/ψ
(ψ′, χc) dissociation rate, and is the sum of the dissociation rates of J/ψ (ψ
′, χc) with pion,
ρ meson, kaon, vector kaon, and η meson. While temperature increases, the charmonium
dissociation rates increase except the χc dissociation rate at T/Tc = 0.9. This indicates
that the higher the temperature is, the stronger charmonium suppression the mesons
cause. Excluding the J/ψ dissociation rate at T/Tc = 0.65 and 0.75, the dissociation
rates decrease while the charmonium momentum increases. At T/Tc = 0.65 in Fig. 15
the dissociation rate of J/ψ with π increases (decreases) when the J/ψ momentum goes
up to (from) 4.7 GeV/c, and the one of J/ψ with kaon increases (decreases) when the J/ψ
momentum goes up to (from) 3.3 GeV/c. Hence, the J/ψ dissociation rate at T/Tc = 0.65
has a maximum at
√
s = 2.2 GeV. A similar case at T/Tc = 0.75 is shown in Fig. 16.
The decrease of the dissociation rates with the increase of charmonium momentum can
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be understood with two situations in the following. While the charmonium momentum
increases, the Mandelstam variable s of meson and charmonium increases,
√
s becomes far
away from the threshold energy, and the unpolarized cross section decreases. While the
charmonium momentum increases, it is also possible that
√
s does not become far away
from the threshold energy. This corresponds to the nearly collinear motion of meson and
charmonium. The angle θ in Eq. (31) is thus small, and the contribution to the integration
from such ~k is negligible. The two situations make the dissociation rate decrease while
the charmonium momentum increases.
In Eq. (31) the relative velocity is
vrel =
√
(Pi · Pcc¯)2 −m2im2cc¯
EiEcc¯
, (32)
where the meson four-momentum is Pi = (Ei, ~k) and from which we get
∂vrel
∂ | ~Pcc¯ |
=
(
Pi · Pcc¯
vrelEiEcc¯
− vrel
) | ~Pcc¯ |
E2cc¯
− |
~k | Pi · Pcc¯
vrelE
2
i E
2
cc¯
cos θ. (33)
The unpolarized cross sections are functions of temperature and the Mandelstam variable
s = (Pi + Pcc¯)
2 = m2i +m
2
cc¯ + 2Pi · Pcc¯, (34)
from which we have
∂
√
s
∂ | ~Pcc¯ |
=
1√
s
(
Ei
Ecc¯
| ~Pcc¯ | − | ~k | cos θ
)
. (35)
The first derivative of the dissociation rate with respect to the charmonium momentum
is
∂ni〈vrelσunpol(
√
s, T )〉
∂ | ~Pcc¯ |
=
gi
4π2
∫
∞
0
∫ π
0
d|~k|dθ sin θ~k2(
∂vrel
∂ | ~Pcc¯ |
σunpol(
√
s, T ) + vrel
∂σunpol(
√
s, T )
∂
√
s
∂
√
s
∂ | ~Pcc¯ |
)
fi(~k). (36)
When the charmonium momentum is 0, the first derivative is 0. This result is indicated
by all curves in Figs. 15-29, and means that the dissociation rate of very slowly moving
charmonium equals the dissociation rate of charmonium at rest.
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In hadronic matter the pion number density is higher than the number density of any
other meson species. Since the pion is lightest among all mesons, the relative velocity of
pion and charmonium is larger than the one of any other meson species with the same
momentum and the charmonium. Since the dissociation rate is proportional to the relative
velocity and the meson distribution function, the dissociation rate of charmonium with π
is most concerned, and is a benchmark for determining the importance of the dissociation
rate of charmonium with any other meson species.
When the J/ψ meson is at rest, the dissociation rate of J/ψ with ρ (K∗+K¯∗, K+K¯) is
about 4.37 (3.52, 0.76), 1.23 (1.93, 0.86), 1.16 (1.52, 0.94), 1.78 (1.78, 0.97), and 4.98 (1.17,
0.3) times the one of J/ψ with π at T/Tc = 0.65, 0.75, 0.85, 0.9, and 0.95, respectively.
The dissociation rate of J/ψ with ρ (K∗+ K¯∗, K+ K¯) is larger (larger, smaller) than the
one of J/ψ with π at low J/ψ momenta. At T/Tc=0.85 the dissociation rate of J/ψ with
η is larger than the dissociation rate of J/ψ with π when the J/ψ momentum is smaller
than 1 GeV/c. Only at T/Tc=0.95 the dissociation rate of J/ψ with η is much smaller
than the dissociation rate of J/ψ with π. The J/ψ dissociation rate at T/Tc =0.95 is
much larger than the one at T/Tc = 0.65, 0.75, 0.85, and 0.9. For example, the J/ψ
dissociation rate at T/Tc =0.95 is about 7.94 times the one at T/Tc =0.9. This is because
that the endothermic J/ψ dissociation in collisions with pion, ρ meson, kaon, and vector
kaon takes a rapid rise in peak cross sections when temperature approaches the critical
temperature.
The dissociation rate of ψ′ with ρ is smaller than the one of ψ′ with π at T/Tc = 0.65
and 0.75, and larger than the one of ψ′ with π at T/Tc = 0.85, 0.9, and 0.95 when the ψ
′
momentum is smaller than 3.3 GeV/c. At T/Tc = 0.85 the dissociation rate of ψ
′ with
vector kaon is larger than the one of ψ′ with π when the ψ′ momentum is smaller than 2.6
GeV/c. The dissociation rate of ψ′ with vector kaon is smaller than the one of ψ′ with π
at T/Tc = 0.9 and 0.95, and is very small at T/Tc = 0.65 and 0.75. At any temperature in
this region 0.6 ≤ T/Tc < 1, the dissociation rate of ψ′ with kaon is smaller than the one
of ψ′ with pion. The dissociation rate of ψ′ with η is very small, and the η + ψ′ reactions
can be neglected.
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The dissociation rate of χc with ρ is smaller than the one of χc with π at T/Tc = 0.65,
0.75, and 0.95, and larger than the one of χc with π at T/Tc = 0.85 and 0.9 when the χc
momentum is smaller than 4 GeV/c. The dissociation rate of χc with vector kaon is much
smaller than the one of χc with π at T/Tc = 0.65 and 0.75. However, at T/Tc = 0.85 and
0.9 the dissociation rate of χc with vector kaon is larger than the one of χc with π when
the χc momentum is smaller than about 2 GeV/c. For 0.6 ≤ T/Tc < 1 the dissociation
rate of χc with kaon is smaller than the one of χc with pion. The dissociation rate of χc
with η is quite small, and the η + χc reactions can be neglected.
The vector-kaon mass is larger than the kaon mass, and the vector-kaon distribution
function is smaller than the kaon distribution function. When a vector kaon and a kaon
have the same momentum, the relative velocity between the vector kaon and a charmo-
nium is smaller than the one between the kaon and the charmonium. However, these do
not mean that the dissociation rate of charmonium with vector kaon must be smaller than
the dissociation rate of charmonium with kaon. We account for this by the dissociation
rates of J/ψ with vector kaon and of J/ψ with kaon at T/Tc = 0.75. The peak cross
section of the endothermic reaction K∗+J/ψ → D¯∗+D+s is larger than the one of the en-
dothermic reaction K+J/ψ → D¯∗+D+s . The peak cross section of K∗+J/ψ → D¯∗+D∗+s
is larger than the one of K + J/ψ → D¯∗ +D∗+s . Even though the peak cross section of
K∗+J/ψ → D¯+D∗+s is smaller than the one of K+J/ψ → D¯+D∗+s , the sum of the peak
cross sections ofK∗+J/ψ → D¯∗+D+s , K∗+J/ψ→ D¯+D∗+s , andK∗+J/ψ→ D¯∗+D∗+s is
larger than the sum of the peak cross sections ofK+J/ψ → D¯∗+D+s , K+J/ψ → D¯+D∗+s ,
and K+J/ψ → D¯∗+D∗+s . The K∗-induced J/ψ dissociation has the exothermic reaction
K∗ + J/ψ → D¯ + D+s , but the K-induced J/ψ dissociation does not produce the final
states, D¯ and D+s . In addition, while
√
s increases from the threshold energy, the cross
sections for the K∗ + J/ψ dissociation reactions increase more rapidly than the ones for
the K + J/ψ dissociation reactions. Therefore, at T/Tc = 0.75 the dissociation rate of
J/ψ with vector kaon is larger than the one of J/ψ with kaon when the J/ψ momentum is
smaller than 2.1 GeV/c. In the same way we can understand that the dissociation rate of
χc with vector kaon at T/Tc = 0.95 is larger than the one of χc with kaon even though the
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largest cross sections of the three reactions, K∗+χc → D¯∗+D+s , K∗+χc → D¯+D∗+s , and
K∗+χc → D¯∗+D∗+s , are smaller than the ones of the three reactions, K+χc → D¯∗+D+s ,
K + χc → D¯ +D∗+s , and K + χc → D¯∗ +D∗+s , respectively, as mentioned in Sec. III.
V. SUMMARY
The unpolarized cross sections for twelve K∗-charmonium dissociation reactions have
been obtained in the quark-interchange mechanism, in the Born approximation and with
the quark potential. The temperature dependence of the quark potential, the meson
masses, and the mesonic quark-antiquark relative-motion wave functions leads to the
temperature dependence of the unpolarized cross sections. Even though ψ′ and χc have
very similar masses, their different quantum numbers cause different cross sections for
K∗+ψ′ and K∗+χc reactions. Even though the K
∗ mass is larger than the K mass, the
cross sections for some K∗-charmonium dissociation reactions may be smaller than the
ones for the K-charmonium dissociation reactions with the same final states at T → Tc.
Using the dissociation cross sections of charmonia in collisions with pion, ρ meson,
kaon, vector kaon, and η meson, we have calculated the dissociation rates of charmo-
nium with pion, ρ meson, kaon, vector kaon, and η meson. The first derivative of the
dissociation rates with respect to the charmonium momentum is zero at zero charmo-
nium momentum. The temperature dependence of the cross section, the relative velocity,
and the distribution function brings about the temperature dependence of the dissoci-
ation rates. When the temperature increases, charmonium dissociation rates generally
increase. With charmonium momentum increasing from 2.2 GeV/c, the dissociation rates
decrease. The dissociation rates of J/ψ with the five species of mesons are comparable
at low J/ψ momenta, and the five species of mesons contribute to the J/ψ suppression
in hadronic matter. The dissociation rates of ψ′ with ρ meson and vector kaon are larger
than the one of ψ′ with pion in some momentum and temperature regions. To study the
ψ′ suppression, the ψ′ dissociation in collisions with pion, ρ meson, kaon, and vector kaon
needs to be considered, but the η + ψ′ reactions can be neglected. This also holds true
for the χc case.
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Figure 1: ’Prior’ diagrams. Solid (wavy) lines represent quarks or antiquarks (interac-
tion). This figure is reproduced under permission from the article with doi:10.1088/0954-
3899/42/9/095110.
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Figure 2: ’Post’ diagrams. Solid (wavy) lines represent quarks or antiquarks (interac-
tion). This figure is reproduced under permission from the article with doi:10.1088/0954-
3899/42/9/095110.
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Figure 3: Cross sections for K∗ + J/ψ → D¯ +D+s at various temperatures.
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Figure 4: Cross sections for K∗ + J/ψ → D¯∗ +D+s at various temperatures.
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Figure 5: Cross sections for K∗ + J/ψ → D¯ +D∗+s at various temperatures.
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Figure 6: Cross sections for K∗ + J/ψ → D¯∗ +D∗+s at various temperatures.
30
3 3.25 3.5 3.75 4 4.25 4.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
σ
u
n
po
l  (m
b)
4.55 4.6 4.65 4.7 4.75 4.8
s
1/2
 (GeV)
0
2.5
5
7.5
10
12.5
15
17.5
20
T/T
c
=0
0.65
0.75
0.85
0.9
0.95
Figure 7: Cross sections for K∗ + ψ′ → D¯ +D+s at various temperatures.
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Figure 8: Cross sections for K∗ + ψ′ → D¯∗ +D+s at various temperatures.
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Figure 9: Cross sections for K∗ + ψ′ → D¯ +D∗+s at various temperatures.
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Figure 10: Cross sections for K∗ + ψ′ → D¯∗ +D∗+s at various temperatures.
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Figure 11: Cross sections for K∗ + χc → D¯ +D+s at various temperatures.
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Figure 12: Cross sections for K∗ + χc → D¯∗ +D+s at various temperatures.
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Figure 13: Cross sections for K∗ + χc → D¯ +D∗+s at various temperatures.
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Figure 14: Cross sections for K∗ + χc → D¯∗ +D∗+s at various temperatures.
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Figure 15: Versus the J/ψ momentum the dissociation rate of J/ψ with π (dashed curve),
the one of J/ψ with ρ (dotted curve), the sum (dot-dashed curve) of the ones of J/ψ with
K and with K¯, the sum (dot-dash-dashed curve) of the ones of J/ψ with K∗ and with
K¯∗, and the one of J/ψ with η (dot-dot-dashed curve) at T = 0.65Tc. The solid curve
represents the sum of these dissociation rates.
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Figure 16: The same as Fig. 15 except for the temperature 0.75Tc .
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Figure 17: The same as Fig. 15 except for the temperature 0.85Tc .
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Figure 18: The same as Fig. 15 except for the temperature 0.9Tc .
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Figure 19: The same as Fig. 15 except for the temperature 0.95Tc .
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Figure 20: Versus the ψ′ momentum the dissociation rate of ψ′ with π (dashed curve), the
one of ψ′ with ρ (dotted curve), the sum (dot-dashed curve) of the ones of ψ′ with K and
with K¯, the sum (dot-dash-dashed curve) of the ones of ψ′ with K∗ and with K¯∗, and
the one of ψ′ with η (dot-dot-dashed curve) at T = 0.65Tc. The solid curve represents
the sum of these dissociation rates.
44
0 2 4 6 8 10 12 14 16 18 20
Momentum (GeV/c)
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
0.011
D
iss
oc
ia
tio
n 
Ra
te
 (c
/fm
)
piψ’
ρψ’
Kψ’+Kψ’
K*ψ’+K*ψ’
ηψ’
sum
T/T
c
=0.75
Figure 21: The same as Fig. 20 except for the temperature 0.75Tc.
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Figure 22: The same as Fig. 20 except for the temperature 0.85Tc.
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Figure 23: The same as Fig. 20 except for the temperature 0.9Tc.
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Figure 24: The same as Fig. 20 except for the temperature 0.95Tc.
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Figure 25: Versus the χc momentum the dissociation rate of χc with π (dashed curve),
the one of χc with ρ (dotted curve), the sum (dot-dashed curve) of the ones of χc with K
and with K¯, the sum (dot-dash-dashed curve) of the ones of χc with K
∗ and with K¯∗, and
the one of χc with η (dot-dot-dashed curve) at T = 0.65Tc. The solid curve represents
the sum of these dissociation rates.
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Figure 26: The same as Fig. 25 except for the temperature 0.75Tc.
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Figure 27: The same as Fig. 25 except for the temperature 0.85Tc.
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Figure 28: The same as Fig. 25 except for the temperature 0.9Tc.
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Figure 29: The same as Fig. 25 except for the temperature 0.95Tc.
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Figure 30: Cross sections for π-induced reactions that are governed by quark interchange.
Our theoretical results are shown by the solid, dashed, and dotted curves which stand for
unpolarized cross sections for πJ/ψ → D¯∗D+D¯D∗+D¯∗D∗, for πψ′ → D¯∗D+D¯D∗+D¯∗D∗,
and for πχc → D¯∗D+ D¯D∗+ D¯∗D∗, respectively. The curves translate by -3 GeV in
√
s.
Experimental data of elastic π−π− cross section: ×, Ref. [34]; , Ref. [41]; ♦, Ref. [37].
Experimental data of elastic π−K− cross section: +, Ref. [42]; ©, Ref. [43].
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Table 1: Quantities relevant to the cross sections for the K∗J/ψ dissociation reactions.
a1and a2 are in units of millibarns; b1, b2, d0, and
√
sz are in units of GeV; c1 and c2 are
dimensionless.
Reactions T/Tc a1 b1 c1 a2 b2 c2 d0
√
sz
K∗J/ψ → D¯D+s 0 0.0466 0.021 0.51 0.0587 0.26 5.26 0.25 4.88
0.65 0.145 0.02 0.51 0.039 0.04 1.72 0.03 4.59
0.75 0.13 0.008 0.50 0.16 0.039 1.23 0.022 4.37
0.85 0.21 0.009 0.46 0.33 0.021 0.56 0.015 3.73
0.9 0.04 0.008 0.82 0.42 0.013 0.48 0.012 3.59
0.95 0.23 0.007 0.59 0.52 0.010 0.46 0.0081 3.37
K∗J/ψ → D¯∗D+s 0 0.407 0.024 0.59 0.162 0.288 44.8 0.03 4.98
0.65 1.016 0.017 0.494 0.205 0.033 0.79 0.02 4.47
0.75 0.860 0.017 0.52 0.026 0.023 0.48 0.017 3.92
0.85 0.355 0.006 0.49 0.333 0.025 1.29 0.015 3.71
0.9 0.36 0.007 0.44 0.29 0.017 0.78 0.01 3.57
0.95 0.74 0.006 0.45 0.49 0.013 0.71 0.0081 3.36
K∗J/ψ → D¯D∗+s 0 0.486 0.0228 0.560 0.231 0.270 52.4 0.02 4.84
0.65 0.539 0.0186 0.53 0.127 0.27 31.5 0.02 4.63
0.75 0.18 0.017 0.45 0.13 0.019 0.65 0.017 4.51
0.85 0.055 0.010 0.51 0.038 0.017 0.49 0.012 4.26
0.9 0.043 0.005 0.52 0.065 0.009 0.50 0.0071 3.87
0.95 0.39 0.004 0.41 0.52 0.009 0.68 0.0071 3.35
K∗J/ψ → D¯∗D∗+s 0 0.743 0.022 0.54 0.458 0.26 5.78 0.025 5.04
0.65 0.327 0.018 0.49 0.180 0.228 5.03 0.018 4.77
0.75 0.199 0.0149 0.49 0.081 0.225 4.78 0.015 4.61
0.85 0.0430 0.0097 0.50 0.0129 0.1648 3.05 0.01 4.28
0.9 0.040 0.003 0.43 0.029 0.008 0.90 0.0046 3.93
0.95 1.39 0.003 0.45 1.33 0.011 1.13 0.0061 3.34
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Table 2: The same as Table 1 except for the K∗ψ′ dissociation.
Reactions T/Tc a1 b1 c1 a2 b2 c2 d0
√
sz
K∗ψ′ → D¯D+s 0 0.012 0.06 0.41 0.017 0.11 0.70 0.1 5.5
0.65 0.0030 0.08 0.44 0.0006 0.17 2.27 0.1 4.98
0.75 0.00063 0.010 0.51 0.00101 0.168 1.44 0.15 4.81
0.85 0.0025 0.006 0.58 0.0021 0.023 0.39 0.007 4.22
0.9 0.022 0.018 0.389 0.099 0.025 3.558 0.022 3.58
0.95 2.91 0.001 0.52 3.20 0.005 1.52 0.0026 3.33
K∗ψ′ → D¯∗D+s 0 0.040 0.03 0.47 0.057 0.16 1.44 0.1 5.74
0.65 0.0061 0.015 0.48 0.0071 0.182 1.89 0.168 5.13
0.75 0.0059 0.010 0.53 0.0066 0.039 2.09 0.026 4.71
0.85 0.080 0.007 0.44 0.041 0.010 1.04 0.0092 3.78
0.9 0.75 0.001 0.45 0.76 0.004 1.15 0.002 3.54
0.95 3.32 0.002 0.46 1.87 0.005 0.92 0.0031 3.34
K∗ψ′ → D¯D∗+s 0 0.066 0.07 0.47 0.024 0.19 2.11 0.1 5.49
0.65 0.01349 0.018 0.51 0.00949 0.201 2.56 0.022 4.94
0.75 0.0158 0.018 0.48 0.0038 0.040 1.49 0.023 4.67
0.85 0.637 0.0020 0.49 0.279 0.036 5.28 0.003 3.77
0.9 4.15 0.0024 0.38 2.91 0.0036 0.93 0.0031 3.55
0.95 0.93 0.0033 0.78 0.64 0.0040 0.27 0.0031 3.34
K∗ψ′ → D¯∗D∗+s 0 0.179 0.03 0.502 0.214 0.19 2.523 0.15 5.48
0.65 0.150 0.019 0.44 0.225 0.023 0.62 0.022 4.67
0.75 0.50 0.017 0.53 0.35 0.022 1.79 0.022 4.11
0.85 17.96 0.002 0.43 13.51 0.005 0.89 0.0031 3.74
0.9 2.06 0.003 0.65 1.28 0.006 0.33 0.0031 3.58
0.95 1.28 0.003 0.45 0.98 0.010 0.82 0.0051 3.34
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Table 3: The same as Table 1 except for the K∗χc dissociation.
Reactions T/Tc a1 b1 c1 a2 b2 c2 d0
√
sz
K∗χc → D¯D+s 0 0.001345 0.218 5.57 0.02402 0.0801 0.484 0.1 5.31
0.65 0.00377 0.0314 0.454 0.0074 0.1381 1.232 0.1 4.93
0.75 0.00013 0.004 0.39 0.0032 0.14 1.5 0.1 4.78
0.85 0.00025 0.0058 0.44 0.0003 0.13 1.67 0.15 4.46
0.9 0.1 0.0011 0.47 0.18 0.0063 1.22 0.005 3.54
0.95 1.52 0.014 2.2 0.81 0.007 1.2 0.011 3.3
K∗χc → D¯∗D+s 0 0.013 0.194 4.03 0.077 0.079 0.473 0.1 5.3
0.65 0.00116 0.0047 0.47 0.029 0.168 2.3 0.15 4.91
0.75 0.0028 0.007 0.57 0.0088 0.195 3.29 0.15 4.74
0.85 0.00173 0.0017 0.51 0.00441 0.028 2.9 0.025 4.19
0.9 1.23 0.003 0.5 0.79 0.01 1.6 0.005 3.51
0.95 0.77 0.008 0.88 1.65 0.013 2.05 0.012 3.32
K∗χc → D¯D∗+s 0 0.0178 0.188 3.69 0.0844 0.079 0.473 0.1 5.29
0.65 0.0051 0.0069 0.56 0.048 0.176 3.62 0.15 4.9
0.75 0.0074 0.01 0.53 0.0162 0.197 5.1 0.15 4.74
0.85 0.5 0.0103 1.83 1.13 0.003 0.52 0.005 3.7
0.9 1.57 0.012 1.89 1.32 0.01 1.38 0.011 3.57
0.95 0.05 0.003 1.52 0.46 0.012 1.88 0.012 3.4
K∗χc → D¯∗D∗+s 0 0.155 0.0306 0.45 0.319 0.178 2.11 0.15 5.27
0.65 0.56 0.0117 0.5 0.163 0.22 7.58 0.01 4.76
0.75 0.6 0.0038 0.44 0.6 0.011 0.78 0.008 4.37
0.85 4.3 0.009 0.9 8.8 0.012 1.9 0.011 3.77
0.9 0.84 0.012 1.74 0.29 0.007 0.65 0.011 3.66
0.95 0.079 0.023 0.5 0.151 0.01 2 0.011 3.47
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Table 4: Reactions that contribute to the dissociation rate of charmonium and meson.
σunpol in Eqs. (30) and (31) is the sum of the unpolarized cross sections for the reactions
listed in each row of the third column.
charmonium meson reactions
J/ψ π πJ/ψ → D¯∗D, D¯D∗, D¯∗D∗
J/ψ ρ ρJ/ψ → D¯D, D¯∗D, D¯D∗, D¯∗D∗
J/ψ K KJ/ψ → D¯∗D+s , D¯D∗+s , D¯∗D∗+s
J/ψ K¯ K¯J/ψ → D∗−s D,D−s D∗, D∗−s D∗
J/ψ K∗ K∗J/ψ → D¯D+s , D¯∗D+s , D¯D∗+s , D¯∗D∗+s
J/ψ K¯∗ K¯∗J/ψ → D−s D,D∗−s D,D−s D∗, D∗−s D∗
J/ψ η ηJ/ψ→ D¯∗D, D¯D∗, D¯∗D∗, D∗−s D+s , D−s D∗+s , D∗−s D∗+s
ψ′ π πψ′ → D¯∗D, D¯D∗, D¯∗D∗
ψ′ ρ ρψ′ → D¯D, D¯∗D, D¯D∗, D¯∗D∗
ψ′ K Kψ′ → D¯∗D+s , D¯D∗+s , D¯∗D∗+s
ψ′ K¯ K¯ψ′ → D∗−s D,D−s D∗, D∗−s D∗
ψ′ K∗ K∗ψ′ → D¯D+s , D¯∗D+s , D¯D∗+s , D¯∗D∗+s
ψ′ K¯∗ K¯∗ψ′ → D−s D,D∗−s D,D−s D∗, D∗−s D∗
ψ′ η ηψ′ → D¯∗D, D¯D∗, D¯∗D∗, D∗−s D+s , D−s D∗+s , D∗−s D∗+s
χc π πχc → D¯∗D, D¯D∗, D¯∗D∗
χc ρ ρχc → D¯D, D¯∗D, D¯D∗, D¯∗D∗
χc K Kχc → D¯∗D+s , D¯D∗+s , D¯∗D∗+s
χc K¯ K¯χc → D∗−s D,D−s D∗, D∗−s D∗
χc K
∗ K∗χc → D¯D+s , D¯∗D+s , D¯D∗+s , D¯∗D∗+s
χc K¯
∗ K¯∗χc → D−s D,D∗−s D,D−s D∗, D∗−s D∗
χc η ηχc → D¯∗D, D¯D∗, D¯∗D∗, D∗−s D+s , D−s D∗+s , D∗−s D∗+s
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